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TECHNICAL NOTE
Changes in glomerular filtration rate during complete
ureteral obstruction in rats
ROBERT H. HARRIS and JAMES M. GILL
Veterans Administration Medical Center and the DivisionofNephrology, Department of Medicine, Duke University
Medical Center, Durham, North Carolina
The effects of complete ureteral obstruction on
glomerular filtration rate (GFR) remain to be clearly
delineated. Existing data indicate that the process
of glomerular filtration continues for at least several
hours following the onset of obstruction [1—31. In
place of standard clearance techniques, which de-
pend on continuous urine flow and hence are not
applicable to the obstructed kidney, other methods
of estimating GFR during urinary tract obstruction
have been devised. By use of a modification of the
stop-flow technique [4] in dogs [3] and rats [21, by
measurement of the arteriovenous inulin difference
across the kidney in rats [I], and by determination
of the disappearance rate of inulin from the blood
following a single inulin injection in rats [11, pre-
vious investigators have provided evidence that
filtration continues during ureteral obstruction.
These methods, however, were capable of yielding
only rough estimates of GFR. Moreover, in two of
these studies, the data were all obtained during
mannitol or hypertonic saline loading, within the
first few minutes of obstruction [2, 3]. The third
study [1] presented results for up to 6 hours follow-
ing the onset of obstruction, but the data sufficed
only to demonstrate the occurrence of filtration,
without permitting calculation of GFR. Thus, none
of these studies has clearly defined the time course
of GFR following onset of obstruction.
The purpose of the present study was to develop
a method for accurately estimating whole-kidney
GFR during complete ureteral obstruction, and to
use this method to delineate the tune course of
changes in GFR for a period of 24 hours following
obstruction in conscious rats. The method devel-
oped is applicable to measurement of GFR in a
nonobstructed as well as an obstructed kidney, and
hence could be validated by comparison with the
standard method of inulin clearance.
603
Methods
GFR, as measured by the standard technique of
inulin clearance, is calculated as
UxVGFR = (1)
where U and P are the concentrations of inulin in
the urine and plasma, respectively, and V is the
urine flow rate. The numerator, U x V, corre-
sponds to inulin filtration rate, Q/(tf — t0), where Q
is the quantity of inulin filtered in the interval
between times t0 and tf. As shown in Fig. I, a single
injection of inulin at t0 is characteristically followed
by an immediate rise, then a rapid fall, in P. The
mean P between t0 and tf can be derived from the
planimetrically determined area A under that por-
tion of the P time curve as
P = A/(tf — t0). (2)
If inulin were injected at t0 and the kidney subse-
quently removed at tf Q would represent the quan-
tity of filtered inulin that would accumulate in the
renal tubules, urinary tract, and excreted urine
between t0 and tf; and GFR could be calculated as
GFR = — t0) = QIA. (3)A/(tf - t0)
The quantity Q would be equal to Q1 — Q +
where Q1 is the total quantity of inulin contained in
the kidney, urinary tract, and urine; and Q. + is
the amount of inulin in the vascular and interstitial
P
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spaces of the kidney. After an inulin injection, P
and presumably inulin concentration in the renal
interstitium progressively decline, but Q progres-
sively increases. Thus, if the interval tf t0 were
sufficiently prolonged, Q + , would, in theory, be-
come negligibly small in comparison with Q, and
Q/A could be used as a reasonable approximation
of GFR. These considerations, including Eq. 3,
would also apply to a kidney whose ureter was
completely obstructed, Q in the obstructed kidney
being the quantity of filtered inulin that would
accumulate in the tubules and urinary tract proxi-
mal to the obstruction.
The above principles were applied in the present
study in conscious rats with unilateral ureteral
obstruction (UO) for measurement of GFR in both
the obstructed and intact kidney. Forty-three male
Sprague-Dawley rats (Charles River Breeding Lab-
oratories, Wilmington, Massachusetts), each
weighing 175 to 325 g, were studied. Each animal
was anesthetized with ether to permit implantation
of a polyethylene PE-90 catheter in the urinary
bladder and a PE-lO catheter in the left ureter
through a suprapubic incision, and PE-50 catheters
in a femoral artery and vein. The free ends of the
catheters were brought externally, and the incisions
were sutured. Each animal was placed in a restrain-
ing cage, as described previously [5, 61, and food
and water were withheld. Bladder urine (from the
right kidney) was collected throughout the experi-
ment. The rats were allowed to recover from anes-
thesia for at least 1 hour, and then the ureteral
catheter was occluded either by clamping (19 rats)
or by connection to a pressure transducer (P23Db,
Statham, Oxnard, California), whose volume dis-
placement was 0.04 mm3/lOO mm Hg (24 rats).
Ureteral pressure during UO was recorded continu-
ously in the latter group. In addition to these 43 rats
in which GFR was determined, 8 rats were studied
in which ureteral pressure, but not GFR, was
measured during UO.
At a preselected time following the initiation of
UO, approximately 10jiCi of methoxy-3H-inulin,
per kilogram of body wt, in 0.5 ml of 0.9% saline
was injected i.v. Arterial blood was sampled (50 iii)
at 1, 5, 10, 20, 30, 50, and 60 mm after injection of
the inulin. Immediately on collection of the final
blood sample, the rat was sacrificed by an overdose
of i.v. sodium pentobarbital. Each kidney and its
ureter was dissected out in en bloc, care being taken
that no urine was lost. The two kidneys were
individually homogenized in deionized water with a
motorized tissue grinder (Tissumizer®, Tekmar
Co., Cincinnati, Ohio). The bladder was washed
three times with deionized water, and the resultant
washings, together with the collected urine, were
added to the right kidney homogenate. Proteins
were precipitated with trichioroacetic acid (final
concentration, 10%), and the homogenate was
brought to a volume of 25 ml and centrifuged. 3H-
inulin was measured in the supernate and the plas-
ma samples by liquid scintillation counting.
The single-injection method for determining GFR
was compared with simultaneously measured inulin
clearance by the standard method in a separate
group of 16 rats. It was the intent of these experi-
ments to compare the two methods in animals with
a wide range of GFR values. Accordingly, a spec-
tum of depression of GFR was created in 8 rats by
obstructing the left ureter for lengths of time rang-
ing from 3 to 24 hours, at the end of which obstruc-
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Fig. 1. Representative curve qfplasma 31-I-inulin concentration
following single i. v. injection of 3H-inulin at to in a rat with left
ureteral obstruction and intact right kidney. The points on the
curve indicate plasma sampling, the final sample being obtained
60 mm following injection (tç). The area A was estimated by
computation in these studies, using a method that showed good
agreement with planimetry (see text).
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tion was released. GFR was then measured by the
single-injection and standard methods in both the
previously obstructed and intact kidneys. In the
remaining 8 animals, both kidneys were intact. Both
methoxy-3H-inulin and carboxyl4C-inulin were
used in these experiments. In preliminary studies,
simultaneous clearance rates of the two forms of
inulin in normal rats yielded essentially identical
results. For GFR determination by the standard
method, '4C-inulin was given as a priming dose
followed by a continuous i.v. infusion in 0.9% saline
at the rate of 0.05 ml/min. After a 90-mm equilibra-
tion period, a single injection of 3H-inulin was
given, and urine was collected for the following 60
mm. In 9 of the 16 rats, the manner of administra-
tion of the two isotopes was reversed, 3H-inulin
being used to determine standard inulin clearance
and '4C-inulin being given subsequently as a single
injection.
Calculations. GFR by the single-injection method
was calculated as Q/A according to Eq. 3, with Qt,
the total amount of inulin in the kidney homog-
enate, being used as an approximation of Q. For
convenience, the area A was estimated by a com-
puter method that calculated the sum of the areas
between adjacent blood sampling times, using the
assumption that the inulin disappearance between
adjacent samples was monoexponential. In actual
practice, the initial portion of the P time curve is not
monoexponential, and this method of calculating A
leads to an overestimation of the actual area. But,
the error is small, provided the time intervals be-
tween samples are sufficiently small. In 10 experi-
ments in which the calculated value of A was
compared with the area measured by planimetry,
the ratio of calculated/measured values of A was
1.028 0.006. Thus, the method of calculation
used appears to yield a reasonable approximation of
A. The duration of UO was caculated from the time
of obstruction until the midpoint of the 60-mm
period inulin injection and sacrifice of the animal.
Statistics were calculated according to methods
described by Steel and Torrie [7]. Analysis of
variance and paired and unpaired Student's t test
were used to compare group means. A probability
value less than 0.05 was regarded as significant.
Values are presented as the means SEM.
Results
Comparison of single-injection and standard
methods. In 16 rats, the single-injection method for
determining GFR (Q/A) was compared with simul-
taneously measured inulin clearance by the stan-
dard method (UV!P). In 8 of these animals, both
kidneys were intact. In the other 8 rats, the GFR of
the left kidney was depressed by a preceding period
of temporary ureteral obstruction; GFR of the in-
tact right kidney was measured in 6 of these rats. As
shown in Fig. 2, there was good agreement between
the two methods, both in intact kidneys with normal
values of GFR and in previously obstructed kidneys
whose GFR was decreased. For all 16 rats, with
both intact and previously obstructed kidneys con-
sidered together, UV!P was 6.145 0.512 ml!min/
kg per kidney compared with 6.138 0.514 for Q/
A. UV/P in the intact kidneys was 7.69 0.23 ml!
mm/kg compared with Q/A of 7.76 0.23. This
latter value was taken as the mean normal value for
GFR by the single-injection method in subsequent
studies of changes in GFR during ureteral obstruc-
tion.
The agreement between the two methods was not
affected by the choice of '4C-inulin vs. 3H-inulin for
the measurement of UV!P. In 7 rats, mean '4C-
inulin U'/P was 6,33 0.72 ml/min/kg compared
with 6.44 0.68 for Q/A with 3H-inulin, whereas in
9 rats, mean 3H-inulin UT!P was 5.99 0.75
compared with 5.89 0.77 for Q/A with '4C-inulin.
None of these differences were significant.
10
La •
a
5
.
S.
E
C
m
U-
0
Fig. 2. Comparison of GFR determined by single-injection
method (QIA) with standard maim clearance (UVIP) in 16 rats,
with the data plotted around the line of identity. Open circles
represent data in the previously obstructed kidney of 8 rats with
preceding temporary left ureteral obstruction (U0); closed cir-
cles represent the intact right kidney in 6 of the UO rats.
Triangles represent 8 normal rats (average of left and right
kidneys). Y = O.95x + 0.31; r = 0.944.
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GFR during ureteral obstruction. The single-
injection method described was used to measure
GFR in the obstructed kidney (GFRO) in 37 rats
during UO ranging from 30 mm to 24 hours in
duration. In 36 of these rats, GFR in the contralater-
a! intact kidney (GFRI) was also measured by the
same technique. The GFRO and GFR data were
compared together, along with the GFR values from
14 rats without obstruction (mean, 7.76 0.23 ml!
mm/kg), as shown in Figs. 3 and 4. GFRO was less
than GFR in every animal, and the difference
between the two sides was significant (P < 0.01 by
paired t test) at each time period. GFRO decreased
progressively throughout the 24-hour period, the
decline being rapid and linear during the first hour
of UO (Fig. 4). At 1 hour, mean GFR0 was 4.29
0.22 mI/mm/kg, a value approximately 55% of
GFR1. Between hours I and 2, the rate of decrease
in GFRO dropped markedly, such that there was a
rather gradual, almost linear decline between hours
2 and 6. A yet more gradual decrease was noted
between hours 6 and 24, with GFRO at 24 hours
being approximately 25% of GFR. During the over-
all 24-hour period of UO, mean GFRO, calculated
from the area under the GFR0-time curve (Fig. 4),
was 2.5 mi/mm/kg, a value that was one-third that of
the intact side.
In 6 additional rats with UO of 24 hours duration,
GFR was measured after release of obstruction. As
Fig. 3. GFR in 37 rats during complete left UO as a function of
duration of obstruction, and in rats after release of UO of 24
hours' duration. Obstructed and previously obstructed kidneys
are denoted by open circles, and intact kidneys by closed circles.
Squares (time = 0) indicate GFR in 14 rats without obstruction.
The difference between obstructed and intact sides is significant
(P < 0.01) at each time. After 24 hours of UO, mean GFR after
release of obstruction was essentially unchanged from that
during obstruction.
shown in Figs. 3 and 4, the postrelease GFR (1.809
0.249 ml/minlkg) was essentially unchanged from
the prerelease 24-hour value of GFRO (1.808
0.150), indicating that the depression of GFRØ at 24
hours was not dependent on maintenance of ob-
struction.
As shown in Fig. 3, there was no substantial
overall change in GFR during the 24-hour period of
UO, although by linear regression analysis of the
GFR1-time data, there was a negative correlation
that was barely significant at the 0.05 confidence
level (slope =
—0.031; r = 0.30). It would appear
from Fig. 3 that GFR1 values at 2 and 24 hours were
somewhat depressed compared with values at other
times; however, analysis of variance failed to reveal
significant differences among mean GFR1 levels at
any of the time periods.
Ureteral pressure (UP) in the obstructed kidney
was measured in 29 rats, the results of which are
shown in Fig. 4. UP rose sharply in the first hour of
UO and reached a peak value of 39.2 1.4 mm Hg
by 2 hours. After 2 hours, UP declined gradually,
reaching a value of 22.0 2.1 mm Hg at 24 hours.
Fig. 4. GFR and ureteral pressure in rats during UO, and after
release of UO of 24 hours' duration. Mean values are connected
by heavy lines, and standard errors are indicated by the shaded
areas. The preobstruction values represent data from 14 rats
without obstruction.
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a kidney with complete UO, as well as in an intact
kidney. The single-injection method described is
based on the assumption that the total quantity of
inulin contained in a kidney and its ureter, Qt,
consists almost entirely of filtered inulin contained
within the tubules, Q. For this condition to be met,
Q(v + , the quantity of inulin contained in the vascu-
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tar and interstitial spaces of the kidney, must be
negligible in comparison with Q. An important
feature of the present method, therefore, is the
presence of an intact kidney in the animal, so that
injected inulin will be rapidly cleared from the
circulation. In addition, it is necessary in this meth-
od that the interval between inulin injection and
removal of the kidney be long enough for inulin to
be removed from the interstitial fluid of the kidney
as well as from the plasma. Although we could not
verify that Q( + was negligibly small in compari-
son with Q by direct measurement, the fact that the
present method agrees well with standard inulin
clearance suggests that this assumption is valid.
Furthermore, this assumption should be true re-
gardless of the presence or absence of ureteral
obstruction, and so it is reasonable to assume that
the method is valid in the obstructed kidney.
One source of possible inaccuracy in the single-
injection method is that the plasma inulin level and,
therefore, the rate of inulin entry into the tubules
are much greater in the initial interval after inulin
injection than they are in the later portion of the
curve. For example, from the data illustrated in Fig.
1, if GFR is assumed to be uniform throughout the
60-mm period of inulin filtration, approximately
60% of Q will consist of inulin filtered during the
initial 20 mm after injection. If, however, GFR were
decreasing throughout the 60-mm interval, then QI
A would overestimate the true average GFR during
this interval. Conversely, if GFR were rising during
the period of measurement, then Q/A would under-
estimate actual GFR. Although this source of possi-
ble error is inherent in the technique, the error will
be relatively small unless the rate of change of GFR
is quite rapid. For instance, the 45% decrease in
GFR during the first hour of UO (Fig. 4) would lead
to an overestimation of GFR of approximately 10%
during this period. The degree of overestimation
would be much less for subsequent periods, when
GFR was declining at a much smaller rate.
Having established that the single-injection tech-
nique appears capable of yielding reasonable esti-
mates of GFR, we used this method to determine
GFR in conscious rats with UO. The resulting data
appear to comprise the first systematic delineation
of the time course of changes in GFR during UO. It
is evident from these results that glomerular filtra-
tion and tubular reabsorption of filtrate continue at
appreciable rates for at least 24 hours of obstruc-
tion, and probably beyond that time.
Several previous investigators have also demon-
strated that whole-kidney glomerular filtration con-
tinues during UO [1—3], but comparisons between
those results and the present data are uncertain.
Salomon and Lanza [1] reported that the arterioven-
ous inulin difference across the kidney persisted at
distinctly measurable levels for up to 4 hours of UO
in rats. Because renal plasma flow was not mea-
sured in those animals, however, GFR could not be
calculated. In that same study [1] it was also shown
that, following a single inulin injection, plasma
inulin concentration decreased more rapidly in rats
4 hours after bilateral ureteral ligation than it did in
rats with bilateral nephrectomy. This result further
suggested the persistence of filtration during ob-
struction, but it did not permit determination of
GFR. Taylor and Ullman [3] used a modification of
the stop-flow technique [4] to estimate GFR in dogs
with UO for periods of 6 to 60 mm during mild
mannitol diuresis. In three such dogs, GFR during
obstruction ranged from 50 to 100% of the preob-
struction values. Selkurt, Deetjen, and Brechtels-
bauer [2], using the same approach in rats, estimat-
ed that GFR during UO of 15 to 30 mm in duration
was about 25% of normal during mannitol loading
and 60% of normal during hypertonic saline loading.
These latter two studies [2, 31 are not directly
comparable with the present data, because the
imposition of an osmotic diuresis during UO would
be expected to result in a more rapid decrease in
GFR than would be seen in the nondiuretic state.
The results from other studies [8—10], in which GFR
was measured during acute elevations of ureteral
pressure, are also difficult to compare with the
present data, because ureteral pressure in those
studies was increased extrinsically, and because the
obstruction was only partial.
The depression of GFR during UO is probably
mediated by a combination of several different
mechanisms, including an increase in hydrostatic
pressure in the urinary space, proximal tubule, and
Bowman's space [11, 12]; renal vasoconstriction
with a reduction in renal blood flow [12—15]; and a
decrease in the hydraulic permeability of the gb-
merular capillary [11, 16]. It seems likely that the
contribution of each of these factors may change as
a function of the duration of UO. For example, the
initial sharp rise, followed by a progressive fall, in
UP (Fig. 4), and the failure of GFRO to increase on
release of obstruction at 24 hours, suggest that the
role of increased Bowman's space pressure was
much more important in the early than it was in the
later phases of UO. The present data, however, do
not permit further definition of the relative contri-
bution of each of the mechanisms whereby GFRO is
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depressed. It should additionally be noted that UO
may eventually lead to increased tubular permeabil-
ity to inulin [17], with resultant tubular backleak of
inulin. Thus, the present single-injection method, in
common with standard clearance techniques, may
somewhat underestimate true filtration rate follow-
ing chronic obstruction, and it is possible that
tubular leakage of filtered inulin may contribute to
the apparent decline in GFRO.
Summary. The single-injection method described
herein appears capable of estimating GFR in a
kidney with complete ureteral obstruction, as well
as in a nonobstructed kidney. The results of this
method show good correlation with measurements
of standard inulin clearance. The present data dem-
onstrate that GFR is relatively well maintained
throughout a 24-hour period of complete obstruc-
tion, averaging one-third the GFR of the intact
kidney. The single-injection method offers the pos-
sibility that the determinants of GFR in obstructive
uropathy can be evaluated during obstruction, as
well as after its release l51. In addition, it appears
that this method might also be applied to the
measurement of GFR in other experimental models
in which anuria or severe oliguria might interfere
with the use of standard clearance methods.
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